The Normalised Difference Vegetation Index (NDVI) can be calculated from satellite imagery and is generally recognised as a reliable index of ground vegetation cover. A simple, parsimonious model is presented to relate observed levels of the NDVI to decadal (10-day) rainfall over the preceding seven months. The model was calibrated at four stations in the North East Arid Zone of Nigeria over ten years, and the values of the empirical constants in the model were shown to be independent of location and annual rainfall. Using the mean calibrated values of the constants, the model was then validated at two further sites over four years and a good fit was observed. Such a model, based on a single input variable, has applications in predicting NDVI (and hence vegetation) patterns in response to changing climatic conditions and for extending the NDVI record to periods before satellite imagery was available.
Introduction
The monitoring of vegetation by remote sensing is an accepted technique of resource assessment. A specific requirement in the seasonally arid regions of Africa is the capability to evaluate and predict the response of vegetation to climate variability. In this context, remote sensing can provide an indirect measure of vegetation growth through the calculation of vegetation indices. The Normalised Difference Vegetation Index (NDVI) is one of the most generally used indices for vegetation monitoring. The NVDI is calculated as the normalised ratio between channel 1 (red) and channel 2 (near-infrared) data sensed by NOAA-AVHRR. The main advantages of the use of the NDVI for monitoring vegetation are: (i) the simplicity of the calculation; (ii) the high degree of correlation of the NDVI with a variety of vegetation parameters; and (iii) the extensive area coverage and high temporal frequency of NOAA-AVHRR data.
The NDVI has been used extensively to qualitatively infer changes in vegetation response to rainfall in seasonally arid regions (Lambin et al., 1993) . Recently, attempts have been made to provide a more quantitative interpretation and understanding of this response. Malo and Nicholson (1990) Potiskum  11·42°N, 11·02°E  415  410·5  598·5  964·9  Maiduguri  11·51°N, 10·05°E  354  234·1  426·6  628·2  Nguru  12·53°N, 10·28°E  343  234·7  338·2  428·9  Maine Soroa  13·13°N, 11·58°E  339  163·7  262·7  359·5  Damaturu  11·75°N, 11·95°E  454  ---Monguno  12·67°N, 13·60°E  ---- The FAO NDVI imagery were acquired by three NOAA series polar orbiting satellites: NOAA-7 covering August 1981 to January 1985 , NOAA-9 covering February 1985 to October 1988 and NOAA-11 covering November 1988 to December 1991. Potentially cloud-free, 10-day maximum value composite images were produced by selecting pixels with the highest NDVI values from each of the daily images (FAO, 1993) . The use of maximum value composites reduces some of the extraneous variability inherent in the NDVI caused by differences in atmospheric conditions, position of the sun or scan angle of the satellite (Holben, 1986) . The effect of sensor degradation was corrected by the calibration model designed by Loss (1993) . The image data were georeferenced to Hammer Aitoff Equivalent with a pixel size of 7·6 km×7·6 km at the equator. For the development of the model, time series of NDVI data extracted from the FAO-ARTEMIS archive represent spatial averages over a 2×2 pixel window. Over the period 1981-1991 the lowest recorded annual rainfall was about 160 mm in the north-east and the highest almost 1000 mm in the south-west (Table 2 ). The average distribution of decadal rainfall and NDVI is shown in Figure 1 . 
 
It was proposed that the NDVI at any decade could be simulated from the sum of two components-a "background" value attributable to the reflectance from bare soil and dry-season vegetation, and a "rainfall response" which declines with increasing time after the rainfall event. In any particular decade during the year, the NDVI would be the sum of the background value and the rainfall response from all preceding decades. In practice, the rainfall response is likely to be negligible within 6 months of the rainfall event, therefore a limit of 20 preceding decades was set. Thus, the NDVI for each decade of the year could be estimated from;
where:
Although the model is empirical in nature, the constants have some physical meaning. As follows; a (in units of decade/mm) is a scaling factor relating the NDVI response to effective rainfall; b (in units of per decade) is related to how rapidly the vegetation uses the water and is a function of the vegetation type (leaf area index and stomatal conductance) and soil available water capacity; and c (dimensionless) is the baseline NDVI during the dry season and is dependent on the soil type and residual vegetation.
   
The data sets were divided into hydrological years starting in the second decade in May as it could be safely assumed that the NDVI value at the start of the period was independent of the preceding season's rainfall. Thirty-four site-years, with full rainfall data, were selected from Maiduguri, Potiskum, Maine Soroa and Nguru for calibration of the model. The values of the three constants a, b and c were fitted for individual years at each site. The fitting was done by setting up the model for a single hydrological year on a spreadsheet and determining the best values of a, b and c by iterative techniques. Microsoft Excel Solver (Frontline Inc., New York State, U.S.A.) was used to minimise the root mean square (RMS) of the difference between the observed and the predicted NDVI. The 34 values of each constant were then examined by analysis of variance to test the hypothesis that the mean values did not vary between stations. Linear regression was used to test the hypothesis that the values of the constants were independent of the total rainfall in the season considered. If both of the above hypotheses were not rejected, then the average value of the constants could be used in a general predictive model for the region. Taking a single set of values for the four constants, the model was used to predict the decadal NDVI for four years at Danaturu and Monguno, respectively. The RMS of the differences between observed and predicted NDVI was used as an indicator of 
Results

   
Using the calibrated values of the constants a, b and c (Tables 3, 4 and 5) the observed and predicted values of the NDVI agreed well ( Figure 5 ). The analysis of variance showed no significant differences in the values of the parameters between sites, indicating reasonable stability in the values for different locations. The mean value of the scaling factor, a, was 0·00078 decade/mm. The exponent b had a value of −0·122/decade, and the base NDVI, c, was 0·077. In order to check the stability of the parameters in relation to precipitation, each parameter was regressed against the annual rainfall. The constant a had a negative slope, influenced by three years at Potiskum when the annual rainfall exceeded 750 mm (Figure 2 ). When these points were removed from the regression there was no longer a significant trend and the mean value of a was 0·00080 decade/mm. Neither b nor c (Figure 3 and Figure 4 ) showed any relationship with rainfall (i.e. the slope of the regression was not significantly different from zero). 
T 5. Calibrated value of c. Mean   1982  0·076  0·081  0·056  0·061  0·069  1983  0·073  0·068  0·079  0·060  0·070  1984  0·046  0·082  0·091  0·076  0·074  1985  0·079  0·084  0·068  0·095  0·081  1986  0·071  -0·100  0·055  0·076  1987  0·065  0·081  0·082  0·073  0·075  1988  0·050  0·101  0·065  0·059  0·069  1989  0·084  0·094  0·116  0·099  0·098  1990  0·075  -0·099  0·087  0·087   Mean  0·069  0·084  0·084  0·074  0·077 LSD=0·021 ( 

The calibrated model was run using decadal rainfall for four years each from Monguno and Damaturu and the predicted NDVI values were compared to the observed values for the appropriate pixel ( Figure 6 ). The annual rainfall in the validation data set ranged from 130 mm to 600 mm although the mean (367 mm) was slightly lower than that of the calibration data set (380 mm). Correspondingly, the mean NDVI of the validation set (0·145) was slightly lower than that of the calibration data set (0·150).
The model predicted the seasonal pattern of NDVI well in all cases particularly at the start and end of the rains (Figure 7) . However, there was a tendency to underpredict the peak NDVI. The dramatic under-prediction at Damaturu in 1987 may be due to the very low rainfall during the first decade of August. In some cases, the predicted NDVI tended to under-estimate peak actual values for about three or four decades during the latter half of the rainy season. In each year, the Root Mean Square of the observed minus the predicted NDVI fell within the 95% confidence limits for the calibration data set, indidating that the model was robust and could be used at sites and for years other than where it was developed.
 
The mean modelled NDVI value for the last decade in July for the period 1982-1990 (0·166), did not differ significantly from the observed mean (0·164); however, the standard deviation of the modelled data (0·042) was less than that of the observed data (0·072). This reflects the inherent variability of NDVI estimates. The mean modelled NDVI for the period 1961-91 (0·220) was significantly higher than the mean of the following 10 years (0·166). It has been shown elsewhere (Hess et al., 1995) that the 1980s were drier than the preceding two decades, and this has resulted in lower NDVI values.
Discussion
Previous statistical analyses relating NDVI to rainfall have not been developed into predictive models. Models which have been developed have involved the use of high order polynomial fits to daily rainfall totals with variable values for parameters over the season (e.g. Di et al., 1994) or have been based on rainfall in association with other site specific information. The present model is parsimonious, in that it only requires decadal rainfall totals for a site, and less empirical, in that the constants used have a physical interpretation.
The model as proposed goes a long way towards explaining the observed interseasonal and intra-seasonal variability in NDVI. A particularly good fit was observed during the period when NDVI is increasing rapidly, and during the declining period, long into the dry season. However, it failed in three respects: (i) All the stations used in the present study reveal a consistent reduction in NDVI a few weeks prior to the onset of rains, that lasts until the main vegetation response commences. This cannot be explained by rainfall but can be linked to regional scale atmospheric circulation forcing changes in the regional divergence of atmospheric moisture. Increased water vapour concentrations in the atmosphere, expected prior to the onset of the rainy season, will reduce the measured NDVI (Holden, 1986) .
(ii) The model appears to be limited to seasons with an annual rainfall of 650 mm or less. In the very (relatively) high rainfall years, the model over-predicts the peak NDVI. This may result from the use of gross rainfall data as the input to the model. In high rainfall seasons, the soil water holding capacity may be exceeded and drainage may result. Thus, in these seasons the effective rainfall is a lower proportion of the gross rainfall. (iii) In most of the years used to validate the model, it under-predicted the magnitude of the peak NDVI during the middle of the rainy season. This may imply that the response of vegetation to rainfall is not constant through the season and during the mid-season the response is greater (i.e. the value of the constant a in the model should be greater). The greater response, implying a greater water use efficiency, may be due to the increasing proportion of rainfall which is used as plant transpiration rather than lost to soil evaporation, as the canopy cover increases.
It has been shown that the model can also be used to extend the record of NDVI data prior to 1981. This would allow real-time data to be viewed in a longer historical context. For example, the Famine Early Warning System (FEWS) currently being operated by the United States Agency for International Development (USAID) uses images of NDVI to monitor the cycle of green-up and senescence of vegetation in semiarid regions of Africa (LeComte, 1989) . The current NDVI is expressed in one of five discrete vegetation categories (much above, slightly above, average, slightly below and much below), each of which is equally likely to occur over a long period. The value for any current decade is thus expressed as a comparative level of vegetation in relation to an historical period. Currently in the FEWS system, the historical context is provided by only 13 years of data (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) but this may be too short to define the "normal" pattern of NDVI activity in such a region that exhibits considerable medium-term rainfall variability (Hess et al., 1995) . For example, based on the observed data for the period 1981-1991, an NDVI value of 0·16 at the end of July at Nguru would be classified as "average"; however, if the modelled data for the 30-year period were used it would have been considered "much below average".
Whilst this study reinforces the linkage between rainfall and biomass production in the Sahel of West Africa, predicting NDVI from observed rainfall is of little practical value when the former is more easily determined, with greater spatial resolution, directly from satellite imagery. However, the model could be used with real rainfall data from the period before satellite imagery was available, or with synthetic rainfall data from a weather generator, to predict the likely effects of changes in rainfall amount and rainy season duration on total biomass production.
